The production of echolocation calls in bats along with forces produced by contraction of thoracic musculature used in flight presumably puts relatively high mechanical loads on the lower respiratory tract (LRT). Thus, there are likely adaptations to prevent collapse or distortion of the bronchial tree and trachea during flight in echolocating bats. By clearing and staining (Alcian blue and Alizarin red) LRTs removed from nonvolant neonates, semivolant juveniles, volant subadults, and adult Jamaican fruit bats (Artibeus jamaicensis), I found that calcification of the tracheal, primary bronchial, and secondary bronchial (lobar) cartilage rings occurs over the span of about 3 days and coincides with later developmental stages of flight and the increased production of echolocation calls. Tracheal rings that are immediately adjacent to the larynx calcified first, followed by more caudal tracheal rings and then the rings of the primary and secondary bronchi. I suggest that calcification of LRT cartilage rings in echolocating bats provides increased rigidity to counter the thoracic compressions incurred during flight. Calcification of the LRT rings is an adaptation to support the emission of laryngeally produced echolocation calls during flight in bats.
Introduction
While the evolution of powered flight and echolocation has allowed bats to become one of the most successful groups of mammals, they also impose a significant energetic cost (Speakman et al. 1989) . Therefore, bats often synchronize wing beat and sonar emission (Suthers et al. 1972) so effectively that echolocating bats in flight expend no more energy than flying non-echolocating bats and birds (Speakman & Racey, 1991) . However, the flight muscles that power the downstroke (serratus ventralis and pectoralis), keeping bats aloft, impose significant compressive forces on the thoracic cavity that not only deflate the lungs, but potentially could deform or even collapse the trachea through which echolocatory calls must travel. Curiously, when hanging, echolocating bats consistently recruit the internal abdominal oblique and transverse abdominis muscles (flank muscles) to increase thoracoabdominal pressure and compress the lungs during forced expiration, moving air through the trachea and larynx to generate sounds Lancaster & Speakman, 2001 ; Fig. 1 ). showed that the fascicles of the flank muscles are oriented along a large, dense aponeurosis, suggesting the force generated by these muscles is concentrated onto the aponeurosis, which is analogous to the diaphragm in its function of controlling pressure within the thoraco-abdominal cavity.
To create the high subglottic pressure required for effective sonar emission, the lower respiratory tract (LRT) (trachea, bronchi, and lungs) must be sealed off from the upper respiratory tract (larynx, pharynx, and oral and nasal cavities) while the lungs are compressed by the flight and flank muscles, thereby pressurizing a bolus of air which is then released and passed through the larynx (Suthers & Fattu, 1973) . Adduction of the vocal membranes by glottal adductor muscles (lateral cricoarytenoid and arytenoid muscles) provides the 'glottal stop' required for high subglottic pressure build up (Suthers & Fattu, 1982) . Interestingly, Suthers & Fattu (1973) found that in big brown bats (Eptesicus fuscus) there is a muscular hump covered in stratified squamous epithelium (indicating a site of increased mechanical stress) at the ventral end of the vocal membrane which the authors suggest plays a role in the glottal stop. Fattu & Suthers (1981) found a significant correlation between sound pressure level (SPL) and subglottic pressure in E. fuscus, indicating that generation of high subglottic pressure is necessary for the emission of intense echolocation calls. Specifically, Fattu & Suthers (1981) found that just prior to phonation, subglottic pressure rose to 30 cm H 2 O preceding a single pulse and to about 40 cm H 2 O prior to a group of pulses (compared with 20-30 cm H 2 O in a shouting human; Isshiki, 1964) . At the onset of phonation, the glottis opens, allowing air to flow past the vocal membranes, and subglottic pressure abruptly drops by 5-20 cm H 2 O during the next 0.2-2.0 ms. During emission of groups of pulses, the drop in subglottic pressure is followed by re-pressurization over the span of 3-5 ms in preparation for the emission of the next pulse. These ranges in subglottic pressure produce echolocation calls ranging from 93 to 118 dB SPL.
The adaptations associated with laryngeal echolocation call production in bats are well documented and include hypertrophied cricothyroid muscles, and calcification or ossification of cricoid and thyroid cartilages in response to increased muscular loads (Denny, 1976; Griffiths, 1978 Griffiths, , 1982 Suthers, 2004) . found that the larynx begins to develop adult-like attributes, such as a hypertrophied cricothyroid and a calcified cricoid cartilage, in prevolant subadult Artibeus jamaicensis. In the present study I investigate the effect of increased compressive forces on the LRT by flank and thoracic muscles during flight and echolocatory vocalizations. showed that the ability of infant bats to produce echolocation calls significantly precedes their ability to fly. Thus, using ontogenetic staging of echolocation call production and flight ability, I can quantify changes that occur in the LRT during growth and development. I tested the hypotheses that changes in the LRT occur relative to flight ability rather than to echolocatory ability in A. jamaicensis and that these changes would not be present in the terrestrial, non-echolocating adult lab mouse (Mus musculus). I predict that changes in the LRT that correspond with flight ability, rather than with echolocation call production, are adaptations to flight in both a developmental and an evolutionary sense.
Materials and methods
Bat colony and environment I collected tissues from individual bats that ranged from neonate to adult of A. jamaicensis (Chiroptera: Phyllostomidae) from a captive breeding colony at the University of Northern Colorado (Greeley, CO, USA). All individuals were either found dead or euthanized for unrelated studies and stored in the lab freezer prior to this study. I also collected tissues from four adult Swiss-Webster lab mice (M. musculus). The captive colony of approximately 60 bats was housed in a 200-m 2 room that allowed free-flight and proper development of flight ability of young bats. Bats were fed a prepared mixed fruit diet (apples, bananas, cantaloupe, mangoes, and watermelon) daily with a twice weekly blended supplement of Harlan Global, 25% protein primate diet mixed with corn syrup for added Relationship of the transverse thoracis and pectoralis muscles. The transverse thoracis could compress the thoracic cavity during hanging which the pectoralis muscle would otherwise compress during flight. In the hanging bat (C) forces produced by the flank muscles could dissipate (outward pointing arrow) due to the absence of flight muscle contraction and a relatively unrestrained thoracic cavity. Contraction of the transverse thoracis could counteract this dissipation by helping restrain the thoracic cavity (from with permission).
sugar, powdered milk for extra calcium, and dry Jell-O gelatin for flavor (Shaw, 2011) . Larger pieces of fruit were hung from the walls to help alleviate competition at the two feeding trays and also provide some environmental enrichment. A reversed 12-h light/dark light cycle was used to ensure that the bats were active during daylight hours. Room temperature was maintained at about 23°C and relative humidity between 50 and 65%. Females typically gave birth to one pup twice a year, with each cohort of newborns ranging between 15 and 20 individuals . Pups were born with some fur and open eyes and, like other phyllostomids, are considered precocial at birth (Gould, 1975) . The adult SwissWebster lab mice were obtained from a frozen collection of culls from the University of Northern Colorado animal research facility.
Tissue and data collection, and statistical analysis
Extensive data on age, flight, wing, and body development exist for this colony, providing a means for accurately estimating age and flight development stage using forearm length when absolute age was unknown (Shaw, 2011; Adams & Shaw, 2013) . I used the developmental stages of flight developed by Shaw (2011) as follows: flutter -individuals fell straight to the pad with no horizontal displacement but with wing movement (approximately 2-18 days of age); flap -individuals fell to the pad with horizontal displacement (within 200 cm of the perch; approximately 19-32 days of age); flight -individuals achieved sustained flight with adult-like maneuverability (approximately 33-104 days of age). I included an adult stage defined as individuals > 104 days old, which is the average age at which the epiphyseal gap of the 4th metacarpal closes in A. jamaicensis and the animal has completed skeletal growth (Ortega & Castro-Allano, 2001 ).
I removed the larynx intact with the entire LRT and stored them in 70% isopropyl alcohol for shipment to the University of Dayton, where all samples were cleared and stained with Alcian blue for cartilage and Alizarin red for calcium (Adams, 2009) . Along with qualitative descriptions of where calcification is first observed and the order in which LRT rings begin to calcify, I also correlated total number of tracheal rings with flight stage using a Spearman's rho. The percentage of calcified tracheal rings was compared among flight stages using a Kruskal-Wallis test by ranks and all statistical analyses were run with a = 0.05.
Results
I collected respiratory tracts from 27 bats spanning ages of 3 days postpartum up to adult. The numbers of individuals per developmental flight stage are as follows: 11 from the flutter stage, six from the flap stage, seven from the flight stage, and three from the adult stage for which I knew specific ages. Throughout most of early development that included the flutter and flap stages, tracheal rings showed no evidence of calcification (it should be noted that in whole-mount specimens, calcification may not be indicated as early as histology might show). It was not until 37 days of age, when individuals were just capable of adult-like flight and later, that tracheal rings showed clear evidence of calcification at a level that would be structurally significant (Fig. 2) . All adult bats sampled showed extensive calcification of all tracheal as well as primary and secondary bronchial rings. Calcification of the tracheal rings first occurred in those rings immediately adjacent to the cricoid cartilage. Once the cricoid cartilage was fully calcified, further calcification of the rings proceeded in a craniad to caudal direction (Fig. 2) . Calcification of all tracheal rings was rapid, occurring between 37 and 38 days of age (Fig. 3) . The number of tracheal rings present in individuals varied between 19 and 27 and did not correlate with flight stage (r s = 0.045, n = 27, P = 0.82). I found a significant difference in the frequency of calcified tracheal rings among flight stages (v 2 = 22.01, 3 df, P < 0.0001). Specifically, there were significant differences between flap and flight stages, flutter and flight stages, flutter and adult stages, and flap and adult stages (Fig. 4) . In all individuals where I observed calcification of all tracheal rings, I also observed calcification of all primary bronchial rings, and in three individuals in the flight stage I found evidence of secondary bronchial ring calcification (Fig. 5 ). There was no evidence of LRT ring calcification in any of the adult mice (Fig. 6 ).
Discussion
Data from this study show that there is relatively rapid calcification of the tracheal, primary, and sometimes secondary bronchial rings late in postpartum development in A. jamaicensis and that this calcification coincides with the development of full flight capacity. The lack of calcification in adult lab mice suggests that the calcification patterns observed in A. jamaicensis are likely due behaviors exhibited by bats and are not a generalized mammalian trait. That newborn A. jamaicensis show some capacity to produce sonar-like vocalizations immediately after birth and that this ability increases in capacity as young develop, but that calcification of the LRT rings coincides only with the full onset of flight, suggest that the forces created on the LRT during flight is what developmentally stimulates calcification. Therefore, my hypothesis that calcification of LRT rings would coincide with flight development is supported, whereas I found no evidence of increased tracheal ring number in response to flight development and therefore reject that hypothesis. The narrow age span in which I observed rapid calcification of LRT rings coincides with the age (35 days) at which juveniles first began achieving adult-like results in a flight maze (Shaw, 2011; Adams & Shaw, 2013) . This timing suggests that at around 35 days old, not only are adult-like flight mechanics and ability emerging but also an integration/synchronization of sonar emission with these flight mechanics, which results in reinforcement of the LRT rings through calcification. The pattern of tracheal ring calcification observed was surprising, as I expected rings of the primary and secondary bronchi to calcify first in response to thoracic cavity compression by the flight and flank muscles. Furthermore, the parts of the trachea that calcified first are housed in the neck, where less compression from the flight muscles is likely felt compared with the more caudal parts of the LRT. The cranial to caudal pattern of calcification I observed suggests that increases in mechanical load on the LRT are felt sooner by the first few tracheal rings just caudal to cricoid rather than the rings of the caudal trachea, and primary and secondary bronchi. In hindsight this makes sense in that as flight muscles grow and become more powerful after the first few weeks of flight, exertion on the lower LRT components would increase and hypothetically cause calcification of those adjacent tracheal rings. Thus, the calcification patterns observed appear due to multiple events that begin in the area of the larynx and are in response to muscle contractions associated with emission of echolocation pulses that become maximized once flight begins. This is followed by calcification in the lower LRT, most likely in response to stresses and tensions imposed by thoracic muscle contractions during flight. The compression of the thoracic cavity and lungs by flank and flight muscles while the glottis is closed, creates subglottic pressure with an outward force that presumably matches the compressive forces on the LRT rings imposed by the muscles, resulting in no net mechanical load felt by the LRT cartilage rings. However, following the rapid subglottic depressurization that occurs as the glottis opens, the LRT would be in danger of collapse or distortion as flight muscles continue to power the downstroke, imposing a net compressive load on the LRT. Any distortion in the shape of the LRT could reduce and vary the flow of air during exhalation and this would be detrimental, and possibly catastrophic, to echolocatory pulse production.
Echolocation calls can vary among species with regard to intensity (dB SPL) and duty cycle ('on time' of a sound relative to the interval of silence between sounds; Fenton et al. 2012) . Species that emit calls of about 70 dB SPL (measured 10 cm from the bat's mouth) are considered to emit low- intensity echolocation calls, whereas high intensity emitters produce calls as high as 110 dB SPL (Griffin, 1958) . Call intensity is proportional to the subglottic pressure generated prior to the glottis opening and is therefore proportional to the sum of the compressive forces imposed on the thoracic cavity by the flank and flight muscles (Fattu & Suthers, 1981; Lancaster & Speakman, 2001) . This indicates that the LRT rings of species that produce high-intensity echolocation calls are exposed to greater compressive forces upon opening of the glottis than those of species that produce low-intensity echolocation calls. Application of greater force on the cartilaginous rings results in deposition of more calcium and may even result in ossification of the rings in extreme cases. Likewise, the duty cycle of the call may significantly affect the workload placed on the LRT rings. High duty cycle species emit long duration narrow bandwidth calls with > 50% of the time in a call sequence being occupied by sound, whereas low duty cycle species emit broad bandwidth, short duration, frequency-modulated (FM) calls with < 10% of the time in the call sequence occupied by sound (Fenton et al. 2012 ). This suggests that the LRT of high duty cycle species undergoes longer periods of depressurization and potentially depressurizes to a greater degree while producing longer narrow bandwidth calls. Extended periods of time with greatly reduced subglottic pressure would increase the compressive load felt on the LRT by flight muscles and may also result in higher levels of calcification and potentially ossification of rings. Therefore, species that produce high-intensity, high duty cycle calls presumably have LRTs that exhibit the highest degree of reinforcement (e.g. ossification of cartilaginous rings). On the other hand, species that do not produce laryngeal echolocation calls (Pteropodidae) would presumably exhibit the least amount of LRT reinforcement. Although pteropodids do not generate the high subglottic pressure associated with echolocation, they do need to ventilate and produce social calls while on the wing, indicating that there may be some level of LRT reinforcement required. Investigations into LRT reinforcement across bat families that employ a variety of echolocation systems (e.g. duty cycle and intensity), including non-echolocating species, will provide a rich area of study in the future and will add greatly to the story of how bats, one of the most successful mammalian groups, evolved. Evidence of LRT ring calcification and ossification has been found in other vertebrate taxa and is also associated with certain behaviors. Hogg (1982) found that in Gallus domesticus the LRT rings calcified, and then ossified in a caudal to cranial direction. Cartilages of the syrinx (situated at the confluence of the primary bronchi and trachea) calcified first, followed by all the tracheal rings in a caudal to cranial direction, followed by cartilages of the cranially positioned larynx. Cartilages of the syrinx, trachea, and larynx all ossified following initial calcification. Calcification and eventual ossification of syrinx and caudal regions of the trachea occurred in young individuals and was attributed to the increased loads imposed by vocalization. Calcification/ ossification of the more cranial parts of the trachea and larynx also occurred in subadults but the author could not attribute this to any specific behavior. In mammals, for example, LRT ring calcification is observed in shallow diving sea (Enhydras lutris) and river (Lutra canadensis) otters (Tarasoff & Kooyman, 1973) . Although these mammals do not dive to great depths like some other mammalian taxa, they do experience increased pressure on their bodies upon descent. Calcification of tracheal rings is therefore proposed as an adaptation/response to increased compressive forces on the trachea that increases ring rigidity and prevents collapse of the windpipe and bronchial tree during dives. In bats, I found evidence that LRT ring calcification is due to the compressive forces generated by the flight muscles, specifically during subglottic depressurization, when there is an increased chance of LRT collapse. As with E. lutris and L. canadensis, calcification of LRT rings in bats provides increased rigidity that helps resist these additional forces imposed by flight. By showing the ontogenetic staging of calcification events I was able to tie these adaptations to flight development, and thus to flight evolution in bats.
